Ribosomes are complex cellular organelles essential for protein synthesis. In spite of their central role in metabolism, our knowledge of their pathway of biosynthesis and its regulation remains fragmentary. The mutant technique which would appear to provide an ideal approach to the problem has thus far had limited application. There are several reasons. Although mutations in a number of genes have been reported to affect the synthesis or function (or both) of ribosomes (3), in most cases it has not been possible to associate the defect with specific ribonucleic acid (RNA) or protein molecules (11) . Certain mutants have been shown to contain ribosomal proteins with altered electrophoretic properties (11, 15, 17, 26) but, with the exception of those mutants with altered sensitivity to streptomycin (3, 32) or lincomycin and erythromycin (15), it has not been possible to correlate observable protein differences with alterations in the ability of the ribosomes to carry out protein synthesis. Most importantly, the total number of ribosomal mutants remains small.
Since one would expect that many mutations affecting ribosomal structure would block protein synthesis partially or completely, the temperaturesensitive class of mutants would appear to be a logical source of ribosomal mutants. But temperature-sensitive ribosomal mutants of the heatsensitive type appear to be rare or difficult to detect (2, 11, 33) . We studied the cold-sensitive type of temperature-sensitive mutants (24) and found that they usually involve rather subtle changes in the properties of proteins, resulting in altered regulation (23) or inducibility (7) of enzymes at low temperature. In this paper, we report some cold-sensitive mutants which map near the streptomycin locus [strA, analogous in map position and phenotype to the strA locus of Escherichia coli (28) ], and which at low temperature produce excess RNA and ribonucleoprotein with abnormal sedimentation patterns.
MATERIALS AND METHODS
Strains and culture techniques. All mutants were derived from Salmonella typhimurium LT-2. SU453 is a streptomycin-resistant strain (strA-) obtained from Kenneth Sanderson (University of Calgary). The coldsensitive mutants are from the stocks of this laboratory (24) . Auxotrophic mutants employed were isolated during the course of these studies. Media, culture techniques, measurements of growth rate (22) , and mutant selection techniques were the same as those reported previously (24) . Nitrosoguanidine was used as a mutagen, according to the procedures of Adelberg et al. (1) . Penicillin counterselection procedures were the same as reported previously, except that 20,000 units of penicillin per ml was used (24) . RNA content of cells was measured according to the method of Schneider (30) , with ribose used as a standard. Protein measurements were made by the method of Lowry et al. (18) .
Preparation of cell extracts for sedimentation analysis. Exponentially growing cultures were inoculated into 100 ml of glucose-minimal medium containing 4 
RESULTS
Identification of presumed cold-sensitive ribosomal mutants. Screening of our stock of coldsensitive mutants for presumed ribosomal mutants was accomplished by testing the contransducibility of streptomycin resistance and loss of cold-sensitivity. Phage P22 grown on SU453 (strA-) was used to transduce 45 cold-sensitive mutants (strA+) which cannot grow on nutrient agar at 20 C but grow well at 37 C. The mixtures of phage and recipient bacteria were plated on nutrient agar containing 50 jAg of streptomycin per ml, and the plates were incubated at 20 C for 4 days. Of 45 recipient strains tested, 7 showed evidence of cotransduction, i.e., growth at 20 C on plates containing streptomycin.
To test further the cotransducibility of the streptomycin-resistance and cold-sensitive characteristics, we isolated streptomycin-resistant mutants in two of the cold-sensitive mutant strains (PT11 and PT117). The resulting mutant strains (PT12 and PT118, respectively) which retained their cold-sensitive phenotype were used as donors to transduce streptomycin-resistance into wild type (LT-2) at 37 C. Streptomycin-resistant transductants were checked for their ability to grow at 20 C (Table 1) . About 10% of the streptomycin-resistant transductants were also coldsensitive. Our data established the cotransduction of streptomycin-resistance and the cold-sensitive lesion, and suggested to us that the cold-sensitive phenotype might be a consequence of a mutation in a gene coding for a component of the 30S ribosome, since streptomycin-resistance is known to be a consequence of altered structure of one of the proteins of the 30S ribosome (32) . Two mutants, PT11 and PT117, were studied in greater detail.
Growth kinetics of PT11 and PT117. The growth patterns of the mutants (PT1 1 and PT1 17) and their parent (LT-2) in glucose-minimal medium and in nutrient broth are shown in Fig. 1 and 2 . Mutant PT1 1 was indistinguishable from wild type at 37 C. After a shift to 20 C, it grew at parental rate for only about 0.5 generation, then the growth rate slowed progressively. In nutrient broth, the cessation of growth at 20 C occurred more rapidly and more abruptly than in minimal medium. Except for revertants (which occur at a frequency of 10-s), PT11 failed to form colonies at 20 C even on complex media. On shift back to 37 C after incubation at 20 C for 10 hr, the culture lagged for 30 min before exponential growth occurred in minimal medium (Fig. 1) . In complex medium, the OD decreased by onetenth on shift back to 37 C (Fig. 2) . The decrease in OD at 37 C may have been the consequence of the metabolism of abnormal metabolites accumulated during the incubation at 20 C.
Mutant PTI117 was also unable to form colonies on nutrient agar at 20 C, but the growth kinetics of PT117 differed from those of PT11 ( Fig. 1 and   2 ). On shift from 37 to 20 C, it continued to grow exponentially, although at a much slower rate than wild type (LT-2); shift from 20 to 37 C (after 10 hr of growth at 20 C) resulted in the growth rate at 37 C in nutrient broth. Thus, TIME (mins.) PTI 17 seems to require a higher concentration of FIo. 2. Growth of S. typhimurium LT-2 and mumonovalent cations than wild type even at 37 C, tants PT)) and PT117 in nutrient broth with temperabut the cold-sensitivity of PT117 cannot be over-ture shifts between 37 and 20 C. Growth conditions come by monovalent cations; in all media, PT1 17 were the same as in Fig. 1 . Cultures of LT-2 (0), grew at one-half to one-third the rate of LT-2 at PT)) (A), and PT))7 (0) grew at 37 C with doubling 20 C> (Table 2) times of 20, 20, and 45 min and, immediately after 20 C (Tlable 2).
shift to 20 C, with doubling times of 85, 85, and 680
Loss of control of RNA synthesis at low tem-mm, respectively. After 10 hr at 20 C, cultures of LT-2 perature. Preliminary studies on incorporation of (@), PT)) (A), and PT)17 () were shifted back to radioactive uracil and arginine into trichloroace-37 C. more RNA. The cell size of the mutants increased by a factor of 1.5 to 2 when grown at 20 C in minimal medium (conditions of increased RNA content). Cell size was measured by use of Tennelec particle-size-distribution instrument (Tennelec Co., Oak Ridge, Tenn.).
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The increase of RNA content of the mutants at 20 C is not a consequence of loss of stringent control of RNA synthesis at the low temperature. RNA synthesis stops if cultures are exposed to the amino acid analogue, thienylalanine, or if arginine auxotrophs derived from PI111 and PT117 are deprived of arginine at 37 or 20 C. Although PT11 and PlT117 differ markedly with respect to their growth kinetics, at 20 C both appear to have lost normal RNA control at the low temperature, but they do not express the relaxed phenotype.
Abnormality of ribosomal profiles. Since the cold-sensitivity of P1ll and PT117 can be cotransduced with streptomycin-resistance markers, we suspected that these cold-sensitive mutations affected the 30S ribosome. Sucrose gradient sedimentations of uracil-labeled ribonucleoprotein (RNP) from mutants and wild type were done. The resulting RNP profiles revealed no differences in distribution of the RNP from mutants and wild type if the cultures were grown at 37 C (Fig. 3) . However, the patterns of the RNP synthesized by the mutants at 20 C differ strikingly from those synthesized by wild type (Fig. 4) . Using the pattern of RNP synthesized by wild type as standard, the altered proportions of the RNP synthesized by the mutants were determined by difference. In the case of PT1 1, there are two extra symmetric peaks, one which sediments at about 23S, the other between 23S and the transfer RNA peak (Fig. 4A). (The small peak around fraction 11 is probably experimental error; it was not detected in other experiments.) In the case of PT117, there is a single peak at 30S (Fig. 4B) . The difference profile is in neither case large enough to account for the total excess of RNA synthesized by the mutants at 20 C; the mutants at 20 C must also produce excess RNA with a normal sedimentation profile. Although it is not known why the accumulation of ribosomal RNA at 20 C prevents growth, the abnormality of ribosomal profiles, along with the close linkage of the mutation to the str locus, makes it probable that the cold-sensitivity of the mutants relates to ribosome synthesis or function. DISCUSSION Cold-sensitive mutants have thus far been shown to result either from altered regulation of a biosynthetic pathway (23; Abd-El Al and Ingraham, unpublished data) or from an inability to synthesize a catabolic enzyme (7) RNA is a characteristic of a number of ribosomal mutations. The high-density mutant, which accumulates 50S precursors (19) , and the ts-9 mutant of Flaks et al. (11) , which appears to be defective in the synthesis of 50S ribosomes, also overproduce RNA. PT11 is not distinguishable from wild type at 37 C; excess ribosomal RNA accumulation and poor growth occur only at 20 C. After shifting to 20 C, PTI 1 grows briefly at the wild-type rate and then stops growing. At 20 C, PT11 accumulates two RNA-containing materials, one sedimenting at 23S and the other between 23S and 4S. We do not know whether these two materials contain ribosomal proteins. If they are protein-deficient particles, these materials would be very similar to "chloramphenicol particles" and "relaxed particles" (13, 14, 16, 21) . In this respect, PT11 should provide information relating to precursor synthesis and assembly as well as RNA regulation.
Strain PT1 17 resembles PT1 1 only with respect to the overproduction of RNA and poor growth at 20 C. This mutant grows slowly in nutrient broth at 37 C. If high concentrations of the monovalent cations K+, Na+, and NH4+ are added to nutrient broth, the mutant grows at the rate of the wild type at 37 C. Its cold-sensitivity cannot be fully corrected by monovalent ions; PT117 always grows at one-half to one-third the rate of wild type (Table 2) 113, 1968) . The immediate growth, although at a lower rate, which follows a shift of PT117 to or from 20 C is consistent with the notion that the ribosomes of PT117 are less effective in forming polyribosomes or in dissociating after the completion of message translation. In this respect, it is interesting that Das and Goldstein (9) suggested that wild-type E. coli is incapable of continued protein synthesis at 0 C because polyribosomes are not formed.
Certain genes have been shown to specify structural components of ribosomal subunits. Thus far, the K-band (17) , str (10) , spe (8) , lir, ery, lin (3, 15) are the only genes affecting ribosome that have been reported. Ribosomes are known to contain some 40 to 50 different proteins [there are at least 15 in 30S (12, 20) ] and at least 3 species of RNA; presumably each molecule is coded for by a single gene. The known genes may be only a small proportion of the total number of structural genes. In addition, there should be some genes coding for enzymes, such as methylases which participate in ribosome biosynthesis or modify ribosomal protein or RNA. For unknown reasons, in the class of conditional lethal heat-sensitive mutants, ribosomal mutants are rare or difficult to detect (2, 11, 33) . In contrast, a large proportion (7 out of 45) of conditional lethal, cold-sensitive mutants map near str and two have been shown to affect ribosome synthesis. The proportion of mutants affecting ribosome synthesis among these cold-sensitive mutants may actually be higher, since we have examined only those mutants with lesions that are closely linked to strA, only one of the genes coding for 30S ribosomes. It thus becomes apparent that coldsensitive conditional lethal mutants may be a rich source of ribosomal mutants.
